Catestatin (CST) is a neuroendocrine peptide which is derived from the chromogranin A. It has been demonstrated that CST can affect a wide range of processes, such as innate immunity, inflammatory and autoimmune reactions, and several homeostatic regulations. Furthermore, CST is positive against several kinds of bacterial strains at micromolecular range, which shows its antimicrobial activity. Recently, the role of CST in acute and chronic pain has attracted much attention. In this review, we discussed the latest research findings of CST and its role in innate immunity and pain.
Introduction
The secretion of catestatin (CST: human chromogranin A (CHGA)352-372, bovine CHGA344-364), a neuroendocrine antimicrobial peptide, is increased in response to injury, thus indicating a link between the nervous system and immune system [1] . In addition, CST regulates a wide range of cells and tissues as a modulator [2] . For example, histamine release modulation is the consequence of the interaction between CST and heterotrimeric G protein at mast cell membranes [2] . The finding that CST activates human mast cells implies that this peptide might have immunomodulatory functions and demonstrates a close interaction between the neuroendocrine system and immune system [3] . It is believed that some stress conditions such as inflammatory stimuli would result in pathologically high levels of circulating CHGA. These new antimicrobial actions together illustrate that the adrenal medulla plays an important role in innate immunity [4] . In view of the innate immune responses to stimulated situations, it is necessary to understand the production and secretion of CST for the regulation of polymorphonuclear neutrophils (PMNs) responses to external stimuli [5] . When tested with bacterial supernatants from Staphylococcus aureus, other CHGA-derived peptides (e.g. chromofungin, procatestatin) are degraded, whereas, cateslytin, the short domain fragment of catestatin, is resistant to this degradation [6] . Moreover, this antimicrobial CHGA-derived peptide has been demonstrated to act synergistically with antibiotics against bacteria and fungi, indicating their roles in innate defense [7] . As the first defense against microorganisms, the innate immunity is attacked by numerous natural cationic peptides isolated from insect lymph, frog skin, mammalian neutrophil granules and plants [8] . However, in a recent study, CST was demonstrated to be a potential pain biomarker before and after acute painful situations [9] .
Discovery and Biological Characteristics of CST
In 1988, a peptide product was first discovered from proteolytic hydrolysis of CHGA, and this product obtained from bovine chromaffin cells was found to defense the catecholamine secretion, which perhaps constitutes a novel auto secretion regulatory mechanism [10] . The identity of the peptide remained unclear until 1997 when Mahata et al. confirmed the catecholamine release-inhibitory domain within CHGA [10] . Among 15 synthesized peptides, only one fragment (bovine CHGA344-364) was found to inhibit nicotine-induced catecholamine secretion, and it was named as 'catestatin' to highlight its effect on restraining catecholamine secretion [10] . CST is a 21-amino acid peptide generated from CHGA with three identified human variants (G364S/P370L/R374Q-CST), and its sequence is highly conserved across species (SSMKLSFRARAYGFRGPGPQL), and is flanked by proteolytic cleavage sites [10, 11] . CHGA is a key member of the protein family that comes from secretory vesicle of endocrine cells (e.g. in chromaffin cells) and adrenergic neurons [12] . Human CHGA is processed into different biologically potent peptides, such as pancreastatin (CHGA250-301), serpinins (CHGA411-436), catestatin (CHGA352-372) and vasostatin (CHGA1-76), according to different kinds of cells [13] . CST comes from the same secretory vesicles that store catecholamines in chromaffin cells and noradrenergic neurons [12] . There are three single nucleotide polymorphisms: Gly364Ser, Pro370Leu and Arg374Gln in the human CST [3] . Owing to three representative genetic loci on chromosomes 4p, 4q, and 17q, CST has shown obvious heritability in expression, secretion, or enzymatic formation. Studies of the ATP6N1 (H + -ATPase alpha subunit) on chromosome 17q have verified that a common 3′-UTR variant impacts CHGA secretion and catestatin processing [14] . CST plays a key role in inhibiting catecholamine release by functioning as a nicotinic cholinergic antagonist [15] . In fact, it has also been confirmed that CST is typically good at joining signal transduction and desensitization [16] . It has been suggested that the regulating effect of CST is accomplished through its interaction with different native neuronal nicotinic acetylcholine receptor subtypes [17] . Recent studies have shown that CST acquires biomedical interest in the physiopathological conditions [18] . Plasma CST exerts its effects both inside and outside the cell, because the peptide can cross the cell membrane [2, 19] . According to a new interesting research, CST plays a key role in preventing obesity by fine-tuning lipid metabolism [20] .
Multiple Functions of CST in Innate Immunity
The innate immune system involving different antimicrobial peptides (anti-MPs) represents an efficient system that protects host from infections at molecular and cellular level. Multiple anti-MPs are released under stimulated conditions by nervous, endocrine and immune cells, which conclude chromaffin cells of adrenal medulla and activate PMNs. These peptides defeat pathogens including Gram-positive bacteria, yeast, and fungi by their lytic effect [6] . As for CST, it activates PMNs and helps calcium get access into immune cells more easily through different mechanisms [5] .
CST protects against bacterial infection
In a study, CST was tested against several skin microbes, including Gram-positive bacteria (S. aureus and Group A Streptococcus), Gram-negative bacteria (Escherichia coli and Pseudomonas aeruginosa), a yeast (Candida albicans), and filamentous fungi (Aspergillus niger, Aspergillus fumigates and Trichophyton rubrum), and CST was found to have a potent antimicrobial ability. Subsequently, CST was found to activate important mechanisms of innate immunity against different strains of S. aureus [6] . However, S. aureus is a common but major human pathogen associated with various infections, such as skin injuries, toxic shock syndrome and pneumonia. According to available research data, stress and stress-derived hormone agonists or antagonists (e.g. glucocorticoids, acetylcholine, dopamine, histamine, and catecholamines) have a potent effect on wound healing and susceptibility to bacterial infection [21] [22] [23] [24] . However, in some acute stress situations, appropriate immune responses can lead to numerous pro-inflammatory cytokines, which can also help fight against infection [25] . The innate immune system is the first defense-line against bacteria attacks and CST is one of the main forces in the system [26, 27] . As an important member of neurotransmitters, CST is able to enhance innate immune responses by activating mast cells [28] . Apart from those pathogens mentioned above, Plasmodium falciparum is another threat to human health. Furthermore, drug resistance of P. falciparum has been generated among all antimalarial drugs to different degrees [29, 30] , and it is quite necessary and urgent to develop potent antimalarial drugs [31, 32] . A recent research confirmed that CST could inhibit P. falciparum growth because of its special sequence [33] . This result reminds us that CST, a new antimicrobial peptide for human host defense, may exert effect on the treatment of malaria in future studies. In other words, CST plays a critical role in warding off invading microbial pathogens on innate immunity [34] .
Inhibitory effect of CST on the inflammatory products
Inflammatory cytokines are involved in immune cells' chase for the sites of inflammation and infected tissues [35] . CST inhibits the release of cytokines, thus reducing a potential chronic inflammatory reaction following implantation [36] . Additionally, CST may also devote to cutaneous wound closure by intensifying keratinocyte migration and proliferation at the wound site [37] . CST exerts a potent chemotactic stimulus for monocytes by activating a variety of signal transduction pathways, concluding PI3 kinase, NO and MAPK-dependent pathways, which suggests a role of this peptide as an inflammation mediator [38] . Although the physiological impact of the secreted CHGA-derived peptide is yet to be fully understood, the accumulated evidence has provided substantial support to the pathophysiological function of CST in protecting the organism against the debilitating effects of mechanical injury and inflammations [39] . In a new study, a potential link between CST and gut inflammation was demonstrated, which implies that CST may have effect on inflammation. Some researchers have found that CHGA in patients with inflammatory bowel disease is in high level [40] , and the same situation applies to lymphocytic colitis [41] and collagenous colitis [42] . These diseases can lead to the development of colon cancer over a long period of time. In a recent study, a mouse model was established to evaluate the possible impact of CST on gut microbiota in vivo [37] . It was shown that CST treatment modulates gut microbiota composition under non-pathophysiological conditions, which may provide a novel clue for the development of the therapeutic agents to treat several inflammatory conditions of the gastrointestinal tract and other health conditions [37] . As research continues, some investigators have confirmed that CST treatment can reduce the disease onset and suppress exacerbated inflammatory responses in preclinical settings of colitis in vivo, and that CST treatment can decrease pro-inflammatory cytokine release in vitro [43] . By inhibiting or decreasing the production of inflammatory cytokines, CST presents its immunologic properties.
Immunological Mechanisms of CST

Antimicrobial activity and mast cells activation
PMNs are central effectors in innate immune response to microbe stimuli. They can influence intracellular nucleic acid synthesis and repair, protein synthesis, cell wall and membrane synthesis and numerous physiological activities [44, 45] . They are found in different kingdoms of life and have a wide distribution, including humans [46] . Anti-MPs act on microorganisms in two ways [47] . One is that they can attack intracellular targets including DNA binding, enzyme inhibition and cell wall synthesis inhibition; the other is that they can target cell membranes and permeabilize them based on several mechanisms [48] . PMNs can make a transient Ca 2+ influx independent of release from internal stores to stimulate exocytosis [5] . As for CST, it is a new member of the cell penetrating peptide family [49] , so it can pass through the membranes without killing cells and reach internal targets to stimulate immune cells, and then these cells exert their antimicrobial effect which includes migration, degranulation and the release of leukotriene C 4 , prostaglandins D 2 and E 2 [5] . CSTmediated mast cell activation is triggered by G-proteins, phospholipase C, and the mitogen-activated protein kinase extracellular signalregulated kinase (MAPK/ERK) [3] . Mast cells are activated and accumulate in the areas with inflammation where the level of CST is increased [3] . Aung et al. [3] has verified that CST stimulates numerous functions of human mast cells, thus joining the processes of inflammatory responses. Therefore, CST can modulate the secretion of innate immune components [50] . Structurally, CST adopts a beta-sheet secondary structure which is stable under almost all biological circumstances [51] . Meanwhile, multidimensional solution NMR and circular dichroism spectroscopy studies revealed that CST adopts alpha-helical conformations between Ser6 and Tyr12 in the presence of dodecylphosphocholine micelles. Furthermore, proton-decoupled 15 N solid-state NMR (nuclear magnetic resonance) spectroscopy of sequences labeled with 15 N and reconstituted into oriented lipid bilayers showed that CST is aligned in a strongly tilted to inplanar alignment. Yet protondecoupled 31 P NMR spectra of the same CST samples indicated conformational and/or orientational heterogeneity at the level of the lipid bilayer head groups [19] . The sequence and 3-dimensional structure of CST may imply that this peptide enters the immune cells and actives them [19] . More specifically, as S. aureus is a tough and common pathogen which has developed several anti-MPs evasion mechanisms [52] , there is increasing interest in natural anti-MPs. Aslam et al. [6] investigated the shorter fragment cateslytin (bovine, bCTL) of CST against S. aureus and found that bCTL (bCHGA344-358: RSMRLSFRARGYGFR) is the main structure resistant to staphylococcal proteases. Owing to this CST domain, anti-MPs degradation caused by S. aureus can be prevented, and innate immune system can work. For example, the primary sequence of the CST domain LSFR expresses a growth inhibitory potency in four Plasmodium species known to infect human [33, 53] . Because some anti-plasmodial agents are host cytotoxic molecules, the development of non-toxic drugs against malaria still has a long way to go [54] . CST may be just the new breakthrough.
Monocyte chemotaxis
CST exerts a specific chemotactic effect on monocytes, though with a less obvious chemotactic effect on neutrophils [55] . Monocyte chemotaxis caused by monocyte chemoattractant protein-1 (MCP-1) is a major event in inflammation [56] . CST is a chemotactic factor for human monocytes, which could lead to the generation of major pro-inflammatory cytokines/chemokines, including granulocytemacrophage colony-stimulating factor, MCP-1/CCL 2 , macrophage inflammatory protein-1a/CCL 3 and macrophage inflammatory protein-1b/CCL 4 [38] . While the plasma concentration of CST is 2-3 nM [57] , the chemotactic effect of CST is almost as desirable as the concentration of chemokines. CST exhibits its maximal stimulating chemotaxis effect at 1 nM, which is comparable to the established chemoattractant formylated peptide Met-Leu-Phe [38] . In addition, CST was also found to induce chemotaxis in human umbilical vein endothelial cells, comparable to angiogenic vascular endothelial growth factor or secretoneurin [58] . Therefore, the immune function of CST is considered as physiologically correlative [55] . To conclude, contributions of granins and granin-derived peptides to inflammatory conditions and innate immunity have recently been reviewed [4, 55] , which have implied high clinical and therapeutic relevance.
Role of CST in Acute and Chronic Pain
In some stimulated situations, such as surgeries, the sympathoadrenal-medullary (SAM) axis and the hypothalamic-pituitaryadrenal axis are activated in both humans and animals, thus causing fluctuation of physiological indexes [59] . Due to these parameters (cortisol, catecholamines, some neuropeptide section, etc.), the body can maintain homeostasis and alleviate the ache [5, 6] . The stress response to both acute and chronic pain, as well as surgery depends mostly on the degree of tissue trauma or injury [60] . The early and thorough assessment of pain and identification are important to the right diagnosis and proper treatments, which is also helpful in preventing prolonged pain [61] .
Under stress circumstances, the activated SAM axis can increase CHGA with catecholamines co-released. Compared with catecholamines, CHGA has a longer half-life and is more stable for several repeated freeze-thawing cycles, and therefore it is a more desirable monitor in clinical cases [62] . According to the latest study, the median level of plasma CHGA in neuroendocrine tumors (NET) patients with pain was significantly higher than that in patients without pain, which is an accompanied symptom during NET treatment. However, the extent and the severity to pain in patients have never been investigated, not to mention the appropriate pain treatment [63] . Given that NET are rare cancer forms, pain treatment may provide a useful research direction.
In a pathophysiological process or in a response to pharmacotherapeutic intervention, there are some typical biological indicators which can be objectively evaluated and applied as biomarkers [64] . Scientists usually choose some secreted proteins that are relatively abundant and selectively expressed in the nervous system, endocrine or neuroendocrine tissues as biomarkers in clinical applications [65] . There are various signs which are linked to pain of varying degrees [66] , so there are several kinds of corresponding stress and pain assessment methods. However, all current methods have some limitations and the search for new objective biomarkers is meaningful and promising [6] . Some proteins from CHGA (cats in the CHGA17-38, CHGA324-337, CHGA361-372; dogs in the CHGA17-38, CHGA361-372) can be measured as potential clinical biomarkers in cats and dogs [67] . And this phenomenon suggests that CST may be a feasible pain biomarker [9] . It's known that CST reduces potential chronic inflammatory reaction by inhibiting relevant cytokines released [36] . Interestingly, there is a close relationship between a number of pro-/anti-inflammatory cytokines and the pathophysiology of neuropathic pain (NPP) [68, 69] . However, further research is needed to clarify whether there is relevance between CST and pain.
International Association for Pain Research defines pain as an unpleasant sensory and emotional experience associated with existing or potential tissue damage [70] . Pain, which comprises pain perception and pain response, can be classified into acute pain and chronic pain according to the duration [71] [72] [73] . Acute pain is mainly manifested as a variety of acute symptoms caused by diseases, tissue injuries, or a variety of harmful stimulation effects in the body, which is also described as nociceptive pain; and the incidence of chronic pain is usually a long course of disease and accompanied by anorexia, nausea, hypotension, autonomic dysfunction, etc. Chronic pain occurs mainly in NPP, chronic low back pain, advanced cancer pain, etc. [74] [75] [76] . At present, pain has been clinically used as the fifth vital signs after the four basic fundamental life-signs (body temperature, pulse, respiration and blood pressure), and chronic pain itself has been identified as a kind of diseases [77] .
Pain study has aroused extensive concern among medical professionals. In this review, we would summarize and discuss whether there is a link between CST and pain, and then ascertain the mechanisms if possible. It's known that the operation itself is a kind of body trauma and the pain caused by operation is a temporary and irritable reaction. Srithunyarat et al. [9] reported that plasma CST was at a significantly low level in dogs with acute pain after ovariohysterectomy, but the mechanism remains unknown.
Here, we would highlight the connection of CST with NPP, a typical kind of chronic pain. NPP is a direct result of a lesion or disease affecting the somatosensory system, which is usually accompanied by the damage, dysfunction, or injury of peripheral and central nervous system [78, 79] . NPP often leads to one or more of the following pathological manifestations: spontaneous pain in the absence of noxious stimulation; increased pain reaction time (namely secondary pain); allodynia with reduced pain threshold caused by nonnoxious stimuli; increased suprathreshold noxious stimulation of the pain reaction (hyperalgesia); the pain and hyperalgesia extended to non-damaged tissue (ongoing pain and secondary hyperalgesia) [80, 81] . The reason why traditional pain treatments often fail is that they often focus on neurons, while glial cells may be the more appropriate target. This neodoxy is being supported by an increasing body of evidence [82] [83] [84] [85] . Activation of the P2X4 receptor in the central end of presynaptic dorsal root ganglia neurons can facilitate the release of P substances and many inflammatory substances, thus leading to microglia of spinal dorsal horn (SDH) activation and then microglia release of TNF-α, IL-1β, IL-6, ATP, NGF, NO, ROS, and PGs, and other neural active substances and inflammatory substances, thereby participate in the generation and maintenance of NPP [86] . As mentioned earlier, CST exhibits its stimulating chemotaxis effect as an inflammatory mediator. The inflammatory response is associated with the p38 MAPK and ERKs pathway [3] . In addition, the activation of P2X4 receptor of SDH is closely related to the high expression of p38 MAPK, for example, the activation of p38 MAPK involves in NPP mediated by P2X4 receptor after peripheral nerve injury [85, 87] . Considering that P2X4 receptors of microglia and satellite glial cells are involved in the secretion of inflammatory substances [86, 88, 89] and inflammatory reaction is closely related to CST [38] , CST may go hand in hand with NPP by enhancing the sensitivity of P2X4 receptor.
Conclusion and Prospective
Taking the wide range of processes contributed by CST into account, we believe that CST is a multifunctional peptide involved in innate immunity, pain reaction and several other autoimmune reactions. In this review, we emphasized the physiological function of CST in antimicrobial activity and inflammation and also discussed the link between CST and pain. The antimicrobial activity of CST is manifested in its defense against a wide range of pathogens, with almost equal potency to that of anti-MPs, thus suggesting that CST might be a potential therapeutic agent to treat multiple diseases like malaria and skin infection. In addition, CHGA/CST may be a major agent of the innate defense. Though researchers have proposed some models of CST function, further investigations are still needed to figure out how CST takes an active part in innate immunity and constitutes a promising natural antibacterial peptide. What's more, the relationship between CST and acute and chronic pain referred above offers us a fresh perspective or research direction to explore new therapeutic targets for pain prevention. As many of the clinically relevant mechanisms of CST interactions are unknown, further studies are urgently needed to specify CST's effect and to explore the application of CST in clinical cases.
